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Summary  
Objective: To develop and apply a new video imaging technique to quantify and localize Indian ink staining of cartilage 
of the rabbit femorotibial joint after the induction of osteoarthritis by unilateral transection of the anterior cruciate 
ligament (ACLT). 
Methods: Nine weeks after surgery, femora nd tibiae from 11 ACLT and contralateral control knees were harvested 
and positioned to obtain calibrated gray-scale images of the ink-painted articular cartilage surfaces that are opposed 
with the knee i~1 90 ° flexion. Images were processed so that areas of normal cartilage gave a relatively high reflectance 
score, whereas ink-stained fibrillated cartilage and exposed bone gave low scores. 
Results: Comparison of the medial and lateral femoral condyles and tibial plateaus (MFC, LFC, MTP, LTP) of control 
and ACLT knees showed that the area of the MTP not covered by the meniscus had a significantly lower reflectance 
score (P < 0.001) than other areas. ACLT led to an 11% decrease (P < 0.001) in the overall reflectance score. The 
reflectance score decreased as a traditional morphological grading of degeneration increased. ACLT-induced 
degeneration had a predilection for the posteromedial spects of the joint, and to a lesser extent, the anterolateral 
aspects. In the tibial plateaus, ACLT caused significant degeneration i the covered, but not the uncovered, areas. 
Image scores of opposing cartilage surfaces (i.e., MFC vs MTP and LFC vs LTP) were significantly (R--0.56 0.70, 
P < 0.001) correlated in ACLT and control knees. 
Discussion: Identification and characterization f cartilage areas prone to degeneration may be particularly useful 
for further analysis of biochemical and biomechanical mechanisms in osteoarthritis, as well as the efficacy of 
therapeutic interventions. 
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In t roduct ion 
ANTERIOR cruciate l igament transect ion (ACLT) 
has been used to induce cart i lage degenerat ion i
several animal models of osteoarthrit is.  While the 
ACLT model of osteoarthr i t is  was init ial ly devel- 
oped [1] and subsequently character ized in the dog 
[2-4], ACLT in the rabbit  [5] also induces 
osteoarthrit is,  as evidenced by gradual  and 
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progressive changes in the morphology, histo- 
pathology and biochemistry of the art icular  
cart i lage of the operated knee [5 10]. ACLT disease 
models have been useful for assessing the efficacy 
of therapeut ic interventions [11-13], and may be of 
part icular  clinical relevance because rupture of 
the ACL occurs in humans and leads to the 
development of osteoarthr it is  [14]. 
Most previous studies of osteoarthr it is  util ized 
subjective and semi-quantitat ive grading scales, at 
both the macroscopic and microscopic levels, to 
assess the extent of cart i lage degeneration, The 
macroscopic method of Indian ink staining was 
originally introduced as a method for highl ighting 
areas of cart i lage degenerat ion and providing a 
broad morphological  view of cart i lage degener- 
ation over the joint surface [15]. Meachim [16] used 
Indian ink staining to describe four grades of 
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cartilage degeneration, based upon observations of
the single worst defect on the joint surface. Grades 
1-4 corresponded to intact surface, minimal 
fibrillation, overt fibrillation, and complete ero- 
sion to underlying bone, respectively. This grading 
scale has been widely used in ACLT models of 
osteoarthritis [4, 10, 17]. Meachim and Emery [18] 
refined the Indian ink staining technique by 
photographing cartilage surfaces and analyzing 
the images to assess the intensity of staining 
according to a four-point scale and to determine 
the proportion of the surface area that was stained; 
however, this approach has not been used in 
subsequent studies of osteoarthritis or with 
modern imaging techniques. Thus, while macro- 
scopic grading scales used previously are advan- 
tageous in that they encompass large joint areas, 
they currently only provide qualitative or semi- 
quantitative information. 
At the histopathological level, Mankin [19] 
introduced a semi-quantitative grading scale, now 
widely adopted [11], to characterize the local 
changes in tissue structure, cellularity, Safranin O 
staining, and tidemark integrity that are indicative 
of osteoarthritis. More recently, morphometric 
parameters have allowed quantitation of histo- 
pathological changes (e.g., cartilage surface rough- 
hess and area of cartilage erosion) [10]. 
Immunohistochemical techniques also have been 
used to grade tissue changes that describe 
cartilage damage and collagen denaturation 
[20, 21]. Since histopathological grading scales 
have generally been used without assessment of 
sampling and spatial variations, it is unclear how 
well they describe cartilage degeneration over 
particular egions of a joint. To address this, other 
methods to assess the extent of osteoarthritis have 
used the Mankin scale in combination with indices 
that represent more global changes in the joint; 
these include gross appearance [22], the presence of 
osteophytes [4], and histopathological nalysis of 
sections across the full-width of a joint surface [4]. 
The physical and chemical properties of Indian 
ink, together with correlations between ink 
staining and local tissue biochemistry, indicate 
that Indian ink staining of articular cartilage is 
particularly sensitive to surface fibrillation and 
proteoglycan depletion. Indian ink contains car- 
bon black particles, with an individual particle 
diameter of ~ 40 nm and some clusters of particles 
of ~ 100 nm [23, 24]. The relatively large size of the 
Indian ink particles prevents them from entering 
an intact articular cartilage surface with normal 
proteoglycan-rich matrix [25]. In cartilage samples 
that do stain with Indian ink, the intensity of ink 
staining has been related to a reduction in the 
proteoglycan content through the depth of the 
specimen [26, 27]. Indian ink particles are not only 
entrapped by irregularities in the articular 
surface, but also adhere to fibrillated cartilage ]16], 
Since Indian ink particles absorb and scatter 
incident light [23], the reflection of incident light 
[28] from cartilage depends on the degree of Indian 
ink staining. 
Cartilage fibrillation and erosion have a 
predilection for specific anatomic sites in human 
osteoarthritis [16, 29], but little information is 
available on the macroscopic patterns of cartilage 
degradation in animal models of disease. In the 
rabbit ACLT model, macroscopic photographs and 
histomorphometric analysis howed erosion of the 
articular cartilage of the ACLT medial femoral 
condyle (MFC) by 8-12 weeks following surgery 
[10]. In the ACLT lateral femoral condyle (LFC), 
macroscopic photographs indicated Indian ink 
staining, but histomorphometric analysis revealed 
this was not associated with extensive cartilage 
erosion. The site-specific nature and extent of 
cartilage degeneration may be related to the 
biomechanical environment, which in turn may be 
modulated by specific types of joint injury. 
Even in apparently normal knee joints, mild 
fibrillation of the articular cartilage is often 
present. In the knee joints of asymptomatic 
skeletally mature humans, the uncovered areas of 
the medial tibial plateau (MTP) and lateral tibial 
plateau (LTP) exhibit macroscopic roughening 
[30]. Mild fibrillation of the MTP has also been 
observed in qualitative light and electron micro- 
scopic studies of cartilage from humans [31], as 
well as canines [31,32] and lapines [33,34]. 
However, quantitative indices of this fibrillation 
have not been previously described. Such infor- 
mation would be useful to assess the local cartilage 
degeneration i duced in animal models of osteoar- 
thritis involving the femorotibial joint. 
Because of the need for a more objective and 
quantitative method to grade osteoarthritic 
changes over a joint surface, we developed a 
digital video imaging and analysis technique for 
quantitating cartilage degeneration i  Indian ink 
stained cartilage surfaces. The objectives were to 
apply this technique in the rabbit unilateral ACLT 
model of osteoarthritis in order (1) to map the areas 
of cartilage degeneration i the femoral condyle 
and tibial plateau, (2) to compute an image score 
that quantifies the degeneration i normal and 
ACLT samples in selected areas of cartilage, 
including the regions of the tibial plateau that are 
covered and not covered by the menisci, (3) to 
assess the relationship between image scores in 
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versus non-opposing cartilage surfaces, and (4) to 
determine the relationship of the image score to a 
traditional gross morphological grade. 
Materials and Methods 
RABBIT OSTEOARTHRITIS MODEL 
Eleven female New Zealand White rabbits, 8-12 
months in age, 3.7-4.2kg in weight, and with 
closed epiphyses, were used. According to a 
protocol approved by the UCSD Institutional 
Review Board, unilateral ACLT was performed on 
the left knee of each animal, using a medial 
arthrotomy method [10]. The animals were 
maintained individually with ad libitum activity in 
0.6 m x 0.6 m x 0.4 m (height xwidth x length) cages. 
As a sham pharmacological treatment, the ACLT 
knees of each rabbit were injected once per week 
with 0.3ml phosphate-buffered saline (PBS), 
beginning at 4 weeks after surgery. The animals 
were sacrificed at 9 weeks after surgery because 
previous studies demonstrated that substantial 
degeneration ccurs in the majority of animals by 
this time point [10]. The distal femur and proximal 
tibia of each operated and contralateral control 
knee were harvested, keeping a 4 cm shaft of bone 
on the femora and a 3 cm shaft on the tibiae. The 
menisci were removed to allow full visualization of 
the tibial articular cartilage. A curette was used to 
remove the marrow and a threaded steel set screw 
(10 24 x 1.25", 8--32 x 1", or 6-32 x 1" depending on 
the size of the medullary canal) was affixed in each 
medullary canal with Zimmer L.V.C. 60•30 bone 
cement (Warsaw, IN, U.S.A.). During this process, 
the specimens were immersed in 10ml PBS, 
pH 7.4, containing proteinase inhibitors (PI: i mM 
phenylmethanesulfonyl fluoride, 2mM disodium 
ethylenediamine tetraacetate, 5 mM benzamidine- 
HC1, and 10 mM N-ethylmaleimide, [35]) at 4°C to 
minimize heating of the bone during the cement 
curing. The joints were wrapped in gauze soaked 
with PBS + PI and stored at -20°C until imaging. 
SPECIMEN POSITIONING 
Just before alignment and imaging, each joint 
was thawed by immersion in PBS + PI for 5 min. 
Excess soft tissues were removed and the joint was 
secured (Fig. 1) within the chamber of a 6 degrees 
of freedom positioning device beneath a CCD video 
camera (TR 100, Sony Corporation, Tokyo, Japan). 
Each bone was aligned by making use of surface 
contours and anatomical landmarks to standardize 
the orientation of each specimen and obtain a view 
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FIG. 1. Schematic of video imaging method for rabbit 
articular cartilage surfaces. A distal femur (or proximal 
tibia) was secured in a holding vessel under the light 
source and camera, and images were viewed digitally. 
The articular cartilage was positioned into a fixed 
orientation relative to the camera. 
of the distal femoral condyle or tibial plateau with 
the diaphysis at 45 ° relative to the camera xis. To 
achieve this (Fig. 1), each specimen was rotated 
about the X axis into a 45 ° angle with respect to the 
camera axis. Then, femoral samples were rotated 
about the Y axis such that a line passing between 
the summits of the LFC and MFC was horizontal. 
For tibial samples, the horizontal positioning line 
was drawn with respect to the lowermost points on 
the LTP and MTP. Orientation about the Z axis 
was established for femoral samples by positioning 
the condyles o that the most posterior points were 
aligned horizontally with respect to the video 
image. For tibial samples, this was achieved by 
positioning the midline of the tibial shaft to be 
parallel to a vertical plumb line. The sample was 
then translated so that its image was 
approximately centered within the video frame, 
and the distance between the camera lens and 
specimen surface was 12cm. This positioning 
method resulted in views of the femoral and tibial 
cartilage that would be in approximate apposition 
with the knee in 90 ° of flexion, which is an 
intermediate position between the resting and 
fully extended rabbit hind limb [36]. The sample 
was periodically draped with moistened gauze and 
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irrigated with PBS+PI  during the ~10min 
required for the alignment process. 
The articular surface of each specimen was 
painted with a solution consisting of 25 pl PBS + PI 
and 5 pl Indian ink (Design Higgins waterproof 
drawing ink, black India 4415, Eberhard Faber, 
Lewisburg, TN, U.S.A.), which contains 6% carbon 
black particles [24]. Excess ink solution was 
removed by gentle blotting with a tissue (Kimwipes 
EX-L, Kimberly-Clark Corp., Roswell, GA, U.S.A.) 
that was pre-moistened with PBS + PI. Then, the 
chamber was filled with clear, solid glass spheres 
(Pier 1 Imports, Fort Worth, TX, U.S.A.) and 600 ml 
PBS + PI. The spheres were used to decrease the 
required volume of bath solution. Since the spheres 
sunk to the bottom of the chamber, the camera's 
view of the specimen surface was not affected, and 
the peak of the articular surface was submerged, 
~4mm beneath the surface of the solution. 
The complete submersion of the specimen served 
to maintain tissue hydration and also diffused 
the incident light, allowing relatively even 
illumination of the cartilage surface. 
IMAGE ACQUISITION 
Specimens were imaged under standardized 
lighting conditions. For each specimen, images of 
the joint surface and a custom reference grid, 
resting on the joint surface, were obtained. 
Illumination was provided by a fluorescent ring 
light (FC8T9/CW, Philips Lighting Co., Somerset, 
NJ, U.S.A.) surrounding the CCD video camera. 
The lighting and camera combination were 
sensitive to ). = 360 760 nm, with 90% of the radiant 
energy emitted between 2=420-620 nm. Images 
(8-bit, gray scale) were acquired and analyzed 
using a video acquisition card (LG3, Scion Corp., 
Frederick, MD, U.S.A.) and Image 1.59 software 
(NIH, Bethesda, MD, U.S.A.) on a Macintosh 
Quadra 650 (Apple Computer, Inc., Cupertino, CA, 
U.S.A.) The black level and gain of the camera 
were adjusted manually, according to a custom 
reference calibration grid that rested on the 
specimen surface and contained professional gray 
scale targets (Q13, Eastman Kodak Co., Rochester, 
NY, U.S.A.). The dark (gray # 19) and light (gray 
#3) standards for intensity calibration were 
chosen to approximate the reflectance of light from 
normal, non-staining cartilage and fibrillated, 
maximally ink-stained cartilage. The manual 
exposure on the camera and the 
software-controlled offset and gain of the video 
acquisition board were set so that pixel values on 
the 8-bit scale were sensitive to the degree of 
cartilage staining (with the light and dark 
standards having pixel values of 42 and 254. 
respectively). For quantitative intensity 
comparisons, the image pixel values were 
normalized by linear transformation into a zero 
(dark~ gray # 19) to one (light, gray # 3) scale. 
Control studies were performed to define the 
dependence of the reflected light intensity on the 
layer of PBS + PI solution overlying the cartilage 
surface. The optical absorption of different 
solutions was measured with a spectrophotometer 
(U-2000, Hitachi Instruments, Inc., San Jose, CA, 
U.S.A.) over 2=420-640 nm. Spectrophotometric 
measurements indicated that the transmittance of
light was decreased slightly (3%) by a 4 mm path 
length of PBS +PI. Thus, the positioning of the 
gray scale reference targets at the surface of the 
specimen (under the 4ram depth of fluid) 
minimized this absorption effect. Also, there was 
little light absorption by material that may have 
leached from ink-painted specimens. Even after 
consecutive painting and submersion of four 
joints, the transmission of light by the bath 
solution decreased only slightly (4%) relative to 
fresh PBS + PI. This was consistent with relatively 
low light absorption (3%) by a very dilute solution 
of Indian ink (1:100,000 corresponding to the case 
where all 30 ttl of the ink/PBS + PI solution was 
diluted directly into 600 ml of bath solution). 
Control studies were also performed to define the 
dependence of reflected light on the specimen 
surface geometry. Images of a flat, light gray card 
(average pixel value=35) demonstrated the 
illumination field was uniform to 1.5%. Repeated 
imaging over periods of up to 10 min indicated the 
intensity signal was stable to 1.7%. Images of a 
6.4mm diameter spherical target (Lucky Star 
Enterprises & Co., Edison, NJ, U.S.A.) indicated 
that the reflected light intensity was within 5% of 
the maximum in a central region, defined by 
surface angles within 36 ° of horizontal. Near the 
edges of the spherical target, the intensity of 
reflected light fell, but remained within 10% of the 
maximum at surface angles within 50 ° of 
horizontal. The angles on each cartilage surface at 
four locations, approximating the most peripheral 
regions where the reflected light was quantitated 
(as described below), measured 17 + 10 ° and 
47 + 18 ° for the tibial plateaus and femoral 
condyles, respectively. Taken together, these 
measurements indicated that the intensity of 
reflected light over the majority of the tibial and 
femoral surfaces was not markedly affected by the 
surface curvature. 
The reference grid also contained spatial 
calibration markers. This enabled setting the 
camera zoom so that a 6.0 x 4.6 cm ~ area was imaged 
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at a resolution of 640x480 pixels (Ahxhw= 
94x95 tlm~/pixel). To assess distortion and 
magnification effects, the cal ibration grid was 
imaged in air and then submerged under as much 
as 12 mm water. With increasing submersion to 
12 mm, the apparent size of the image increased by 
1.7%. The small amplitude of magnification is 
consistent with previous reports [37]. 
IMAGE ANALYSIS 
Anatomical andmarks, present in both control 
and ACLT knees, were identified to allow 
definition of the origin of the X and Y axes, relative 
to the image frame, and subsequent image 
registration. The femoral andmarks [Fig. 2(a)] 
were the posterior borders of the condyles (Y = 0) 
and the median aspects of each condyle, the 
midpoint between which was defined as X = 0. The 
tibial landmarks [Fig. 2(b)] were the posterior 
border of the sulcus extensorius tibiae (Y = 0) on the 
lateral plateau, and the median-most aspect of the 
same plateau (X = 0). In images of representative 
and successively repositioned femora and tibiae, 
landmarks consisting of ink-filled pin-pricks were 
localized relative to the X-Y axis with a 
reproducibil ity (S.D.) of 0.18 mm (X) and 0.16 mm 
(Y). 
Areas of erosion that exposed underlying bone 
were composed of a circumferential region of 
Anterior 
Lateral Medial Lateral Medial 
Anterior 
Fro. 2. Areas used to compute reflectance score are shown for a control right femur [(a), (c)] and tibia [(b), (d)] that 
has been stained with Indian ink. The X-Y axes were placed with respect o anatomical landmarks (*). In (a) and (b), 
the solid white lines encompass the regions in the 'central areas' of cartilage on the lateral and medial femoral condyles 
and tibial plateaus. In (c) and (d), the black lines show the "overall areas', which encompass common regions of 
articular cartilage in all control joint images. The median borders of the menisci are shown with the white line in 
(d). 
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cartilage that stained darkly (pixel value ~254), 
and a central region of exposed bone that did not 
take up Indian ink [e.g., Fig. 3(c), (d), (e)]. To 
indicate these areas as degenerate for image 
analysis, the regions of exposed bone were digitally 
outlined and defined to be the intensity of' 
ink-stained cartilage (value=254) using NIH 
Image. These resultant images were used in all 
subsequent image analysis, i.e., for averaging 
images and computing reflectance scores. Control 
studies indicated that the variation in the area of 
erosion, as digitized by three different observers, 
was 1.0 mm ~ (coefficient of variation of ~ 13%). 
To highlight typical areas of degeneration, 
digitally averaged tibial and femoral images for 
both ACLT and control joints were created. The 
averaged images were generated by using NIH 
Image with individual images that were aligned 
with respect o the anatomically-defined axes. To 
visualize the differences between the ACLT and 
control knees, a differential image was computed 
by digitally subtracting the control image (flipped 
about the X axis to account for anatomical 
symmetry) from the ACLT image. 
The average reflectance score was measured in 
defined areas of each image, corresponding to 
specific regions on each articular cartilage surface 
(i.e., MFC, LFC, MTP, LTP). Three sets of areas of 
different size and shape were analyzed for each 
surface. (1) Central areas were defined by ovals 
that were chosen a priori to encompass the 
relatively flat, central regions of cartilage on each 
surface [Fig. 2(a), (b)]. The femoral ovals 
were centered at XFMC = --XLFc ~- 4.5 mm, YMFC = 
YLFC = 5.1 ram, with dimensions of HEFt = 
HMFC = 3.0 mm and VLFC = VM~C = 8.5 ram, and areas 
of 19.Smm 2. The tibial oval on the MTP was 
centered at XMT P : 5.7 mm, YMTP = 4.5 mm, with 
dimensions HMTP = 3.2 mm, VMTP = 6.5 mm, and area 
16.7 mm 2. The oval on the LTP was centered at 
-XLTP =5.0mm, YLTP =5.3 mm, with dimensions 
HLTP = 4.0 mm, VLTP = 8.5 mm, and area 26.8 mm 2. (2) 
Overall areas were defined to encompass the 
majority of the cartilage surface in the images 
[Fig. 2(c), (d)], with subdivision of the overall tibial 
areas into regions covered and not covered by the 
menisci [Fig. 2(d)]. The overall areas were 
determined from manually digitized outlines of the 
cartilage surface of each control joint image. The 
images of the traced areas from each specimen 
were added and processed to identify the 
cartilaginous area that was present in half of the 
individual joints (median surfaces). These median 
surfaces were eroded uniformly (3x3 rank filter) 
until they were within the outlined cartilage 
surface of every control joint. This required five 
and nine erosions, respectively, for the femoral and 
tibial surfaces, and corresponded todeleted border 
regions of ~0.5 and ~0.9mm, respectively. The 
portion of the overall areas of MTP and LTP that 
were covered by menisci was determined in a 
similar fashion, using two additional normal 
(non-operated) tibial specimens. With the menisci 
still attached, each of these tibiae was positi.oned 
and imaged. Without moving the sample relative to 
the video camera, the menisci were then dissected 
off to expose the tibial cartilage surface, and 
another image was acquired. From the first of 
these images, the inner border of the meniscus was 
traced. From the second, the X-Y axes were 
localized using the methods described above. Thus, 
from the two images, the position of an individual 
menisci was determined, relative to the standard 
X-Y coordinate system. (3) Degeneration-prone 
areas were defined to encompass regions on each 
surface that were most prone to cartilage 
degeneration after ACLT, and therefore most 
sensitive to osteoarthritic hange. These areas 
were defined for each cartilage surface as the 
region in the difference image that was within the 
areas of overall degeneration, as defined in 
[Fig. 2(c), (d)], and in which there was > 50% of the 
maximal degeneration. 
Although the process of inking is probably not 
an entirely reversible process which can be 
independently evaluated, repeated measurements 
(positioning, inking, imaging, analysis, rinsing the 
surface vigorously) on individual femoral and 
tibial specimens indicated that the variability of 
the image scores from central areas was 0.013 and 
0.027, respectively, corresponding to a relatively 
low coefficient of variation of ~2 and ~4%. 
GROSS MORPHOLOGY 
After imaging, the joints were stored at -20°C. 
Later, all joints were thawed for semi-quantitative 
gross morphological grading of the femoral and 
tibial joint surfaces. To minimize uncertainties in
the grade, only three grades (instead of four 
[10,16]) were assigned. Grades I, II, and III 
represented normal cartilage, ink-stained 
cartilage, and cartilage with full-thickness erosion 
exposing underlying bone, respectively. 
STAT IST ICAL  ANALYS IS  
Data are expressed as mean + S.D. For the 
reflectance score from the central and overall 
areas, multiway analysis of variance (ANOVA) 
was used to assess the effects of ligament 
transection, femoral or tibial location, or medial or 
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lateral location, with animal considered a random 
effect. Using the ANOVA results, site-specific 
comparisons between ACLT and control values 
were made. In addition, ANOVA was used to assess 
the effects of the gross morphological grade. Here, 
post-hoc omparisons between groups graded I, II, 
and III were performed using the Tukey test. 
Finally, the possible relationships between the 
reflectance scores of opposing femoral and tibial 
cartilage surfaces within a joint were assessed by 
linear regression, as were relationships between 
non-opposing cartilage surfaces. Statistical 
analysis was performed using SYSTAT 5.2 (Systat, 
Inc., Evanston, IL, U.S.A.) and Excel 5.0 (Microsoft 
Corp., Redmond, WA, U.S.A.). 
Results 
Gross morphological grading indicated that 
ACLT induced osteoarthritis n the operated joints 
compared to contralateral controls (Fig. 4). In the 
ACLT knees, 4/11 femoral condyles and 2/11 tibial 
plateaus exhibited full-thickness (Grade III) 
ulcerations. No surfaces in the contralateral 
control knees exhibited Grade III degeneration. 
Most (10/ll) of the femoral condyles among the 
ACLT knees exhibited some staining with Indian 
ink (Grade II or III degeneration), whereas few 
(1/11) of the control femoral condyles showed 
degeneration. All tibial plateaus of both ACLT and 
control groups exhibited at least mild (Grade II or 
III) degeneration. When present, the full-thickness 
cartilage erosions always occurred on the medial 
side (MFC, MTP) of the joint and in a single 
contiguous location on the joint surface [e.g., 
Fig. 3(c)-(e)]. The erosion area of the ACLT 
femoral condyles (3.31 ±5.13mm ~, N=l l )  was 
larger (P=0.04) than that of the tibia 
(0.69 _+ 1.56 ram% N= 11). 
The image analysis procedure allowed the 
definition of regions (i.e., the 'overall areas') of 
each image that represented most of the articular 
cartilage tissue visible to the camera [Fig. 2(c), (d)]. 
The overall areas were 41.3, 36.7, 19.5 and 36.6 mm 2 
for the MFC, LFC, MTP, and LTP, respectively, 
and thus encompassed approximately twice as 
much projected area of articular cartilage as the 
central oval areas [Fig. 2(a), (b)]. In addition, 
regions of the tibial plateaus that were covered 
and not covered by meniscus in the unloaded tibia 
were determined [Fig. 2(d)]. Within the overall 
areas, the uncovered regions of the MTP and LTP 
were 11.5 and 4.7 mm 2, respectively, and accounted 
for 58 and 17% of the overall areas of the MTP and 
LTP. 
Image analysis revealed significant differences 
between the four (MFC, LFC, MTP, LTP) 
apparently normal, control articular surfaces. The 
digitally-averaged images [Fig. 5(a), (b)] showed 
that the MTP and LTP had a lower reflectance (i.e., 
were darker) than the femoral condyles. This 
qualitative difference was supported by the 
quantitative reflectance scores from the central 
oval areas, with the control tibia (0.685 +_ 0.099) 
articular surfaces having a 12% lower (P < 0.001) 
score than the control femoral (0.778 + 0.065, 
mean + S.D., N=22) surfaces [Fig. 6(a), (b)]. This 
was true for both control and ACLT samples (i.e., 
no statistical interactive effect of operation and 
bone, P= 0.57). Similar results were apparent for 
Control (right) 
10 
Femoral condyle 
ACLT (left) 
Tibial plateau 
Control (right) 
k [ I 
0 50 100~ 
ACLT (left) 
0 50 100% 
FIG. 4. Semi-quantitative assessment of gross morphology after Indian ink staining. The articular cartilage of the 
femoral condyles and tibial plateaus were graded as (I) normal, (II) fibrillated, and (III) full-thickness erosion. Values 
indicate number of animals affected N= 11 total). ([3) Grade I; ([]) Grade II; (m) Grade III. 
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the overall areas of art icular carti lage of the 
control femoral (0.755 + 0.067, mean + S.D., N= 22) 
and tibial (0.680 + 0.094) surfaces [Fig. 6(c), (d)]. 
Here also, the tibial surfaces had a significantly 
lower reflectance score (10%, P < 0.001) than the 
femoral surfaces, and there was no interactive 
effect between operation and the femoral or tibial 
location on the reflectance score (P= 0.61). There 
was a trend of a lower reflectance score from the 
medial compared to the lateral surfaces. This was 
not significant (P =0.10) for the oval areas, but was 
so (P = 0.03) for the overall areas. For both the oval 
and overall areas, this trend also tended to depend 
on the femoral or tibial location interact ion 
(P = 0.22, and P = 0.29), respectively. 
Analysis of the tibial images revealed that the 
uncovered area of the MTP was significantly 
darker than other regions of the MTP and LTP. 
This was evident qualitatively in the 
digitally-averaged images [Fig. 5(b), (d),]. 
Quantitat ive analysis of the covered and 
uncovered regions of the tibial plateaus confirmed 
this (Fig. 7). The reflectance score of the control 
MTP for the uncovered region (0.608 ___ 0.120) was 
14% lower than that from the covered region 
(0.703 ± 0.087), whereas the uncovered and covered 
regions of the control LTP were similar 
(0.742 + 0.074 and 0.720 ± 0.079, respectively). 
Statistically, this was indicated by the highly 
significant effect of plateau (P < 0.001 for MTP 
versus LTP), the absence of an effect of meniscal 
coverage (P=0.64 for uncovered versus covered, 
with both the MTP and LTP surfaces are 
considered), but the highly significant (P=0.001) 
! ! 
Control (right) ACLT (leR) | | Leit--Right 
Lateral Medial Medial Lateral | [ Medial Lateral 
Pixelvalue 0 51 102 153 204 255 
Gray scale 
-48 -24 0 24 48 72 
Fro. 5. Digitally-averaged images to highlight areas of cartilage staining with Indian ink and erosion, and differences 
between ACL-transected and contralateral control joints. The average images of control femora (a) and tibiae (b), and 
ACLT femora (c) and tibiae (d), each N= 11, are shown. The difference images [(e), (f)] were computed byhorizontally 
flipping the average control [(a), (b)] image, subtracting this from the ACLT [(c), (d)] image, and then 
contrast-enhancing theresult according to the pixel value--gray scale shown. Regions outlined in white [(e), (f)] show 
the degeneration prone areas. The relatively dark regions correspond to degeneration. + indicates (X = 0, Y = 0) location 
used for image registration. 
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Fro. 6. Effect of ACL transection on the reflectance score from the femoral condyles [(A), (C)] and tibial plateaus [(B), 
(D)] in the central oval areas [(A), (B)] and overall areas [(C), (D)]. Dotted lines indiate the average reflectance value 
of all control groups [0.732 in (A), (B) and 0.717 in [(C), (D)]. The P-values indicate the significance of the difference 
between CTRL and ACLT groups. Values are mean ± S.D., N= 11. 
interactive effect between plateau and meniscus 
coverage. These trends (medial- lateral difference 
that depended on condyle) were true for both 
control and ACLT joints ( interaction P= 0.40 and 
0.85). 
The digitally-averaged images of ACLT femoral 
condyles [Fig. 5(c)] and tibial plateaus [Fig. 5(d)] 
revealed specific regions that stained darkly with 
Indian ink or were eroded after ACLT. The 
differences between the ACLT and control images 
were indicated by the digitally-subtracted images 
[Fig. 5(e), (f)], in which image pixels that 
corresponded to degeneration (i.e., were darker in 
the ACLT images than the control images) 
appeared relatively dark, and pixels that were 
l ighter in the ACLT images than the control 
images appeared relatively bright. These images 
specifically show where the ACLT-induced 
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degeneration tended to occur. Comparison of the 
ACLT and control femora [Fig. 5(a), (c), (e)] 
indicated that ACLT induced marked 
degeneration of cartilage in the posteromedial 
aspect of the MFC and, to a lesser extent, the 
anterolateral spect of the LFC. Comparison of the 
tibial images [Fig. 5(b), (d), (f)] indicated that 
ACLT induced cartilage degeneration in a 
relatively broad peripheral region of each plateau, 
but especially on the posteromedial spect of the 
MTP and the anterolateral spect of the LTP. The 
extent of damage in these degeneration-prone 
areas was determined by analysis, using a region 
that defined where the degeneration was at least 
half maximal [Fig. 5(e), (f)]. The sizes of these 
regions was 5.5, 10.3 mm 2 and 13.1, 1.3 mm 2 for the 
LFC, MFC and LTP, MTP, respectively. ACLT 
caused a decrease (Fig. 8) in the reflectance score 
of these regions that was significant in the MFC 
(32%, P=0.03), MTP (24%, P=0.04), and LTP 
(20%, P < 0.01), and showed a strong trend in the 
LFC (18%, P=0.07). Interestingly, on the 
difference image the medial border of the MFC and 
MTP and the medial border of the LFC appeared 
to be relatively bright. 
The ACLT and control samples had significantly 
different reflectance scores. In the central oval 
areas [Fig. 6(a), (b)], the reflectance score of ACLT 
surfaces (0.650 i 0.130) was 11% lower (P < 0.001) 
than that of control surfaces (0.732 ± 0.095). Direct 
comparison of ACLT and control surfaces howed 
that the decrease in reflectance score was 13% in 
the MFC (P= 0.02), 11% in the LFC (P=0.03), and 
14% in the MTP (P=0.03). There was a trend 
toward a decrease (7%) in the LTP, but this was 
not significant (P :  0.21). These trends were quite 
similar in the overall areas [Fig. 6(c), (d)]. Here 
again, the overall decrease in reflectance score was 
11% (P < 0.001), and there was a decrease of 15% 
in the MFC (P< 0.01) and 10% in the LFC 
(P=0.05). In the tibial plateaus, the trends were 
slightly different with a decrease in reflectance 
score of 10% in the MTP (P=0.06) and 11% in the 
LTP (P = 0.03). 
Analysis of the covered and uncovered regions 
of the tibial plateaus revealed that the effect of 
ACLT on cartilage degeneration was pronounced 
in the meniscus-covered regions (Fig. 7). Overall, 
the ACLT image scores (0.638___0.131) were 
significantly lower (8%, (P=0.002) than the 
controls (0.693 ± 0.102). There was a trend toward 
an interactive effect of ACLT and meniscus 
coverage (P=0.10) such that the ACLT tended to 
affect the covered regions but not the uncovered 
regions. This was demonstrated clearly by the 
direct comparison of ACLT and control 
reflectance scores for the covered and uncovered 
regions of the MTP and LTP (Fig. 7). In the 
covered regions, the reflectance score was 
significantly reduced by 15% in the MTP 
(P < 0.01) and 10% in the LTP (P = 0.04). However, 
in the uncovered regions, the decrease was smaller 
and not significant (7% in the MTP with P=0.19, 
and 1% in the LTP with P= 0.79). The areas of the 
MTP and LTP that were identified as most prone 
to degeneration [Fig. 5(e), (f)] were also in areas of 
the tibial plateau that were covered by meniscus. 
Since gross morphological grading is 
traditionally used to describe the degree of 
cartilage degeneration, the reflectance scores from 
8 
0.5 
0 - 
P < 0.01 
P = 0.79 
P = 0.04 
CTRL ACLT CTRL ACLT 
Uncovered Covered 
MTP 
CTRL ACLT CTRL ACLT 
Uncovered Covered 
LTP 
FIG. 7. Effect of ACL transection on the reflectance score from areas of the tibial plateaus covered and not covered 
by the menisci, as defined in Fig. 2(d). The P-values indicate the significance of the difference between CTRL and ACLT 
groups. Values are mean + S.D., N= 11. 
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FIG. 8. Effect of ACL transection on the reflectance score 
from areas most prone to cartilage degeneration in the 
femoral condyles (A) and tibial plateaus (B), as defined 
in Fig. 5(e), (f). Dotted lines indicate the overall average 
reflectance value of all control groups, 0.737. The 
P-values indicate the significance of the difference 
between CTRL and ACLT groups. Values are 
mean + S.D., N = 11. 
the different areas in the femoral condyles and 
tibial p lateaus were analyzed as a function of gross 
morphological  grade. Because this grade has been 
used to describe the entire femur or tibia, the 
average o f  the medial  and lateral  scores for each 
femur and tibia were averaged (Fig. 9). ANOVA 
indicated that  these reflectance scores varied with 
the gross morphological  grades. This was 
signif icant for overal l  areas (P=0.03) and 
degenerat ion-prone areas (P < 0.001), and tended 
toward significance for the central  oval areas 
(P=0.06). In the overal l  areas, the reflectance 
score of the grade I I  and I I I  knees were 12% 
(P = 0.08) less than that  of the grade I knees. In the 
degenerat ion-prone areas, the reflectance scores of 
the grade II knees were 17% (P= 0.02) less than the 
grade I knees, while grade I I I  knees were 37% 
(P=0.01) less than grade II knees. 
The relat ively similar effect of ACLT on the 
0.5 
.6 
09 
09 a~ 
II 
Gross morphological grade 
iTI 
III 
FIG. 9. Relationship between the reflectance scores and 
gross morphological grade for the femora and tibiae. 
Values are mean__s.D., Grade I (N=24), Grade II 
(N= 14), Grade HI (N= 6). ([-?) central areas; ([]) overall 
areas; ( J )  degeneration-prone ar as. 
overall  reflectance scores of the other four surfaces 
(MFC, LFC, MTP, LTP) was consistent with the 
possibil ity that the degree of carti lage 
degenerat ion and erosion was related in the 
opposing femoral and tibial surfaces. This was 
supported by the apparent  relat ionship between 
the degenerative change in the femur and tibia of 
individual ACLT knees (Fig. 3). Degenerat ion was 
predominant ly located on the LFC and LTP 
[Fig. 3(a), (b)], on the MFC and MTP [Fig. 3(c), (d)], 
or on both the medial and lateral sides [Fig. 3(e), 
(f)]. The two cases of full-thickness erosion on the 
MTP were both associated with erosion on the 
opposing MFC. In addition, regression analysis 
(Fig. 10) indicated a significant correlation 
0.9 
0 
0,7 
.6 
.~ 0.5 
tl. 
am(i, • 
nn n ~ "'''''''" 
t I 
0.3 0,5 0.7 0.9 
Femoral reflectance score 
FIG. 10. Correlations between tibial and femoral 
reflectance scores from opposing surfaces of the femur 
and tibia (MTP vs MFC, LTP vs LFC). Linear regression 
is shown for control (4, - - - )  and ACLT ( I ,  -----) samples, 
and for all samples (solid line). 
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(R = 0.66, P < 0.001) between the reflectance scores 
in the overall areas of the opposing (i.e., MTP vs 
MFC and LTP vs LFC) articular surfaces of all the 
ACLT and control knees, according to the function 
T = 0.71F + 0.14, where T = tibial reflectance 
score and F= femoral reflectance score. This 
relationship was also present for the opposing 
cartilage surfaces of the ACLT (T = 0.58F + 0.22; 
R = 0.56; P < 0.01) and control knees 
(T=0.97F-0.56; R=0.70; P<0.001), when the 
groups were analyzed separately. In control knees, 
the scores were significantly correlated not only 
for opposing surfaces, but also for the 
non-opposing (MFC vs LFC, and MTP vs LTP) 
cartilage surfaces (R=0.85; P < 0.001). However, 
in the ACLT knees, the image scores from the 
non-opposing cartilage surfaces (i.e., LTP vs MFC 
and MTP vs LFC) were not significantly correlated 
(R = 0.35, P= 0.11). 
Discuss ion  
The objective of this study was to develop and 
apply a digital video imaging and analysis method 
to quantitatively characterize ACLT-induced 
articular cartilage degeneration over a broad area 
of the femorotibial joint in the rabbit. With the use 
of defined lighting conditions, standard calibration 
targets, and a precise system of joint alignment 
and image registration, the digital images provided 
site-specific information on the reflected light 
intensity and thus, an assessment of the degree of 
local staining with Indian ink (Fig. 5). The method 
allowed characterization f cartilage degeneration 
over relatively large areas of the femoral and tibial 
articular surfaces through calculation of 
area-averaged reflectance scores from defined 
areas of cartilage in the image (Figs 2, 6-8). The 
reflectance scores were related to traditional 
measures of gross morphology (Fig. 4), and showed 
significant reductions in reflectance scores with 
increasing degenerative grade (Fig. 9). Further 
analysis of the reflectance scores from different 
cartilage surfaces showed a correlation between 
the joint scores from the opposing femoral and 
tibial surfaces (Fig. 10). Taken together these 
results indicate that the method may provide a 
sensitive and standardized measure for 
characterizing the degree of cartilage 
degeneration i studies of osteoarthritis. 
While the method does require some user 
manipulation and interaction, the resulting images 
of individual Indian ink-stained rabbit femoral 
condyles and tibial plateaus were quite accurate. 
The alignment of the joint and identification of 
anatomical landmarks for image registration 
resulted in only a ~0.2mm variation in the 
position of targets on the joint surface, relative to 
the anatomically-defined X-Y image coordinate 
system. This variation was small relative to the 
dimensions (~ 5 mm medial-lateral and ~ 10 mm 
anterior-posterior) of the articular cartilage 
surface in the images of the MFC, LFC, MTP, and 
LTP, as well as the dimensions of the areas chosen 
for quantitative analysis. The application of Indian 
ink staining was also controlled, although this 
user-dependent application procedure requires 
particular attention. Since Indian ink particles are 
either absorbed to the articular surface or trapped 
in fissures extending from the articular surface 
into the cartilage, particles could be removed by 
vigorous washing or wiping. Thus, extreme care 
was taken to remove the xcess ink gently using a 
pre-moistened tissue. Although possible, we did 
not attempt to routinely assess ink uptake by 
individual joints in this study (e.g., by imaging 
joints before and after staining). Such 
measurements on several normal joints showed a 
slight (6 ± 1%, mean + S.D., N=4 joints; data not 
shown) reduction of reflectance in the cartilage 
surfaces, indicating that some staining occurs even 
in the absence of gross degeneration. The 
coefficient of variation of repeated measurements 
of reflectance scores (2% for femur and 4% for 
tibia) was substantially lower than the variation 
between different samples (8% in control femoral 
condyles and 18% in control tibial plateaus, 
Figs 6--8). The reflectance scores are likely to be 
relatively insensitive to the variation in the 
individual measurement of degeneration area 
because the cartilage surrounding the erosion area 
has normalized reflectance values near zero, which 
is the value assigned to the user-identified area of 
erosion. Thus, inter-specimen variability (rather 
than the measurement technique) is the major 
source of variation in the reflectance scores from 
a sample group. 
Image analysis allowed localization and 
quantitation of the femoral condylar cartilage 
degeneration that is known [5, 10] to be induced in 
this animal model of ACLT. The most extreme area 
of degeneration occurred along the posteromedial 
aspect of the MFC [Fig. 5(a), (c), (e)]. This is 
consistent with qualitative observations in this 
(Fig. 4) and previous studies [10], where 
full-thickness erosion of MFC cartilage occurred 
in ~36-40% of the samples by 8-9 weeks. The 
digital image analysis was able to further define 
the extent of ACLT-induced degeneration at this 
location in terms of the area of full-thickness 
cartilage erosion in the images (3.31 ± 5.13 mm2). 
While this area is likely to be less than the actual 
370 Chang et al.: Quantitative imaging of degenerate cartilage 
area due to projection effects (i.e., the surface is 
not perpendicular to the camera axis), it does 
provide a quantitative measure of the extent of 
cartilage damage. In addition, the image analysis 
revealed a second large area of cartilage 
degeneration on the anterolateral aspect of the 
LFC, which did not progress to full-thickneess 
cartilage rosion at 9 weeks. Degeneration i these 
two locations were associated with a significant 
reduction in the reflection scores of the ACLT 
femoral condyles compared with contralateral 
controls (Fig. 8). The extent of the reduction (32 
and 18°,  respectively) in the degeneration prone 
regions [Fig. 5@)] of the MFC and LFC was a 
greater than the reduction (1(L15%) in the central 
and overall areas of these joint surfaces [Fig. 6(a), 
(c)]. These findings are consistent with our 
previous histomorphometric analysis which 
indicated roughening of the LFC and loss of 
cartilage on the MFC [10]. The identification of 
areas with a propensity for cartilage degeneration 
in experimental models of osteoarthritis may allow 
the site-specific detection of relatively subtle 
changes (e.g., due to therapeutic interventions). 
The current study also delineated the existence 
of mild degeneration i the control MTP. The mild 
degeneration of the central region of the control 
MTP [Fig. 5(b)] is consistent with previous 
semi-quantitative grading of ink staining and mild 
surface roughening in the rabbit MTP [34], as well 
as light [4, 30] and electron [31, 32, 38] microscopy 
studies of MTP cartilage from other animals, and 
humans. Indeed, the water content and hydraulic 
permeability of the uncovered regions of the 
normal canine MTP are higher than those of the 
covered area [39]. This finding also suggests that 
the imaging technique is able to detect subtle 
changes in articular cartilage that may be 
associated with normal aging. It has been proposed 
that the degeneration of the central uncovered 
articular surfaces of the tibial plateaus results 
from relatively low loading of this region, with 
relatively higher loading through the meniscus to 
the underlying tibial cartilage [40]. However, the 
precise load-bearing contribution of the normal 
meniscus remains to be fully elucidated [41-43]. In 
addition, the definitions of covered and uncovered 
regions as those in the unloaded tibia may not 
exactly reflect the coverage in vivo, since the 
menisci translate and deform during articulation 
[41, 42]. 
The results of this study also showed that ACLT 
in the rabbit induces degeneration in specific 
regions of the MTP and LTP of the operated joint 
compared with the contralateral control. The areas 
most affected were the posteromedial region of the 
MTP and the anterolateral region of the LTP 
[Fig. 5(b), (d), (f)]. These regions correspond to 
areas that were covered by the menisci in the 
unloaded tibia [Fig. 2(d)], and the reflectance 
scores of the covered areas of the MTP and LTP 
were particularly sensitive to ACLT (Fig. 7). This 
may be related to the findings in the covered 
regions of the MTP that demonstrated relatively 
greater increases in water content and hydraulic 
permeability compared to the uncovered regions in 
the canine model of ACLT [39]. 
The patterns of cartilage degeneration in the 
femoral condyles and tibial plateaus provide 
evidence that biomechanical factors are involved 
in osteoarthritis. By analyzing images of joint 
surfaces in a defined orientation, it was possible to 
assess the relationship between degeneration i  
the femoral condyle and that in the opposing tibial 
plateau. The correlated cartilage degeneration i
opposing cartilage surfaces in the ACLT joints 
[Figs 3, 5(e), (f), and 10] is consistent with the 
proposed detrimental effect of cartilage 
degeneration on opposing articular surfaces [18]. It 
remains to be determined how the altered physical 
properties of in ink-staining cartilage areas may 
affect the mechanical environment of the 
surrounding and opposing cartilage. 
The differential analysis of images also revealed 
areas in which the ACLT image was brighter than 
the control image. In particular, there were bright 
anterior-posterior streaks at the medial borders of 
MFC, LFC, and MTP [Fig. 5(e), (f)]. These 
differences between the ACLT and control joints 
were unlikely to be artifacts of erroneous image 
registration, since the expected results of such 
(e.g., a translation in the medial-lateral direction) 
would be, in addition, dark anterior-posterior 
streaks at the lateral border of the surfaces and 
these were not present. Further, the effects of 
geometrical changes on registration of the images 
of the femoral condyles in the medial-lateral 
direction were minimized by using the average 
horizontal location of landmarks (the medial 
border) of each of the MFC and LFC. It seems likely 
that more subtle bone and cartilage changes or 
synovitis produced this effect. Similar changes may 
have occurred in the medial border of the LFC. 
The use of the imaging methodology as an 
endpoint determination of cartilage degeneration 
in terminal experimental studies of osteoarthritis 
has advantages and disadvantages compared with 
other current techniques of assessing cartilage 
degeneration. Non-invasive imaging techniques 
such as NMR spectroscopy [44] and imaging [45] 
have the advantage of providing non-destructive 
three-dimensional information about joint 
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structures. However, the trade-off between 
resolution and imaging time of MRI may limit its 
uti l ity for discriminating carti lage fibril lation and 
erosion, part icularly in small animal models of 
disease. On the other hand, the technique 
described here is limited by providing only a 
two-dimensional projection of art icular surface 
changes. Indeed, the area of erosion on the medial 
part of the MFC was in a region oriented obliquely 
from the image plane. Additional information 
could be obtained by examining joint images from 
several perspectives, or by obtaining additional 
topographical  information on the anatomic form of 
the carti lage surface [46]. Nevertheless, the 
imaging technique is flexible and could be applied 
to smaller or larger carti lage surfaces. Further, 
the implementation of the technique requires 
relatively inexpensive hardware and software that 
are mostly commercially available. 
The identification of specific carti lage areas 
prone to degeneration i the rabbit ACLT model of 
osteoarthrit is may be of part icular use. ACLT 
results in an overall metabolic change and 
hypertrophy of the art icular carti lage of the 
operated joint in both canine [47] and lapine [8] 
models, but carti lage degeneration, erosion, and 
molecular changes in the collagen meshwork 
can be localized to focal areas [20]. The precise 
localization of these areas may help elucidate 
the biophysical and biochemical mechanisms 
leading to -car t i lage deterioration, and clarify 
altered structure-function relationships of 
art icular carti lage in various stages of 
degeneration. 
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